Dry deposition of Asian dust has been estimated during the intensive dust events in spring 2002 (Period I: 15-24 March 2002, Period II: 4-13 April 2002 using the Asian dust aerosol model (ADAM). The emission module including log-normal distributions of particle size of different soil types of Gobi, Sand, Loess, and Mixed soil in the Asian dust source regions, has been used to calculate the amount of dry deposition. The dry deposition estimated by ADAM is compared with that calculated by using the optical particle counter (OPC) observed at Anmyeondo in Korea. The correlation between the modeled and the calculated dry deposition, is found to be 0.78 and 0.54 in Periods I and II, respectively. The dry deposition velocity depends on the particle size with a minimum value of 0.0272 cm s À1 and 0.0269 cm s
Introduction
Asian dust, also termed as 'Hwangsa' in Korea and 'Kosa' in Japan, is a typical example of mineral aerosol frequently originating in the Gobi desert, Sand desert, Loess plateau and barren mixed soil in Mongolia and northern China during the spring season (Chun et al. 2001a; In and Park 2002; Park and In 2003) . In recent years, more intense and frequent dust storms in East Asia have increased with the gradual increase in arid desertification due in part to heavy cultivation, overgrazing and lack of precipitation in the source regions (Bai and Zhang 2001; Park 2002; Chun et al. 2003 ). Indeed, very severe dust storms were observed in Korea on 21-23 March and 7-9 April 2002 (Chun et al. 2004) . During these periods the observed PM 10 concentrations were over 1,000 mg m À3 at most monitoring sites in South Korea (In and Park 2003; Park and In 2003) .
These were more than 10 times higher than those of the non-dust storm period, thereby causing natural disasters, including temporary closing of most domestic airports and elementary schools in Korea.
An improved dust emission model depending on the particle-size distribution by the sum of three log normal distributions of particle size in different soil types such as Gobi, Sand, Loess and Mixed soil in the Asian dust source region has been developed and successfully simulated to two intense dust events that have been observed in Korea in March (Park and Lee 2004) and April 2002 (In and Park 2003) . This model, so called the Asian Dust Aerosol Model (ADAM; a three-dimensional eulerian transport model), will be employed to estimate dry deposition of Asian dust in East Asia.
Dust particles emitted from the source region settle as dry deposition when precipitation does not occur. The estimated atmospheric loadings of 23-24 April 1993 over the Korean peninsula were about 1.5 Mton (Chung and Yoon 1996) .
The purpose of this study is to estimate dry deposition over the Korean peninsula and Japan by ADAM for severe dust events that have been observed during the spring of 2002. The modeled dry deposition will be compared with that estimated by the particle numbers measurements at Anmyeondo in Korea.
Data and parameterization

Data
The meteorological field data used in this study is obtained from the operational meteorological model for the Regional Data Assimilation and Prediction System (RDAPS) in Korea Meteorological Administration (KMA). These data are based on the MM5 version 3 that uses the x, y, and s coordinate with a horizontal resolution of 30 km and 33 vertical layers up to the 50 hPa level (Grell et al. 1994; Duhdia et al. 2001 ). Since dust is emitted and transported from the surface, only 25 vertical layers from the surface are used in this study.
RDAPS involves non-hydrostatic primitive physical equations of momentum, thermodynamics and moisture with physical processes including the Kain-Fritsch scheme for convective parameterization, the mixed-phase scheme for moisture explicit scheme, the nonlocal boundary layer scheme for the planetary boundary layer processes and the cloud-cooling scheme for radiation.
Two intense Asian dust events have been observed in the spring of 2002 in East Asia region. One is observed from 15 to 24 March and the other from 4 to 13 April 2002. For our convenience, we call the former dust period as Period I and the latter as Period II for the estimation of dry deposition of dust. At the same time, the spectral number concentrations were measured at Anmyeondo in Korea for both periods using the optical particle counter (OPC, HIAC/ ROYCO 5230) operated routinely since the spring of 1998 (Chun et al. 2001a (Chun et al. , 2001b . The OPC has 8 size bins (0.3-0.5, 0.5-0.82, 0.82-1.35, 1.35-2.23, 2.23-3.67, 3.67-6.06, 6 .06-10, and 10-25 mm in diameter) with the same logscale interval.
Parameterization of dry deposition
ADAM (In and Park 2002; Park and In 2003) has been improved from the spectral dust emission estimated by power law (Westphal et al. 1987 (Westphal et al. , 1988 with the concept of the minimally and fully dispersed parent soil particle size distribution. The particle-size distribution suspended in the air is a weighted average of minimally and fully dispersed parent soil particle-size distribution (Lu and Shao 1999; Shao 2001; Shao et al. 2002) . The minimally and fully dispersed particle-size distribution in the ADAM model is expressed by the sum of several log-normal distributions of particles size of different soil types of Gobi, Sand, Loess, and Mixed soil that are obtained from the samplings in the source regions (Park 2002; Park and In 2003; Park and Lee 2004) with the help of the Chinese soil map (Yi 1986 ).
In calculating dry deposition, particles of 0.2-74 mm in diameter are divided into 11 size bins (0.2-0.5, 0.5-0.82, 0.82-1.35, 1.35-2.23, 2.23-3.67, 3.67-6.06, 6.06-10, 10-16.5, 16.5-27.25, 27.25-45, and 45-74 mm in diameter) with the same logarithmic interval.
The deposition of particles upon the surface without precipitation is resisted by the aerodynamic and quasi-laminar (Seinfeld and Pandis 1998) resistance. The aerodynamic resistance ðR a Þ is determined by the atmospheric turbulence intensity that depends largely on the micrometeorological characteristics such as lower atmospheric stability and the surface rough-ness. In addition, the particles adjacent to the surface across a quasi-laminar larger experience the quasi-laminar resistance ðR b Þ that depends largely on molecular properties of the substance and surface characteristics. Deposition of larger particles (larger than 20 mm in diameter) are mainly controlled by the gravitational settling velocity ðV g Þ since the settling velocity increases with the square of the particle diameter.
The dry deposition flux is estimated from the dry deposition velocity ðV d Þ and the airborne concentration ðCÞ near the surface; i.e.
The dry deposition velocity ðV d Þ is parameterized using the resistance method that is a little different for gaseous species and particulate (Wesely and Hicks 1977; Wesely and Hicks 2000; Wesely et al. 1985; Seinfeld and Pandis 1998) . The dry deposition velocity for particles is expressed as
where R a is the aerodynamic resistance, R b is the quasi-laminar resistance, and V g is the gravitational settling velocity. The aerodynamic resistance is parameterized as: where u Ã is the friction velocity, z 0 the surface roughness length, k the von Karman constant, and z the dimensionless height scale given by
, and z r is the reference height.
The quasi-laminar layer resistance ðR b Þ for the Particle is given by: where
is the Schmidt number, and
gn the Stokes number, n is the kinematic viscosity of air and D the molecular diffusivity of the air.
The gravitational settling velocity ðV g Þ is from Stokes' law as: where r p is the density of the particle assumed to be 2600 kg m À3 (Park and In 2003; In and Park 2003) , D p the particle diameter, g the gravitational acceleration and m the dynamic viscosity of air.
Results and discussion
Overview of synoptic features
Surface synoptic weather maps with dust reports for the Periods I and II are presented in Fig. 1 . The left panel in Fig. 1 shows a cyclone system located at northeastern China on 19 March has progressively moved southeastward to locate the East Sea on 21 March with wide regions of dust rise reports behind the cyclone system (Fig. 1a) . The pressure gradient associated with the cyclone in Period I is stronger and longer lasted than that in Period II (Fig.  1b) . Therefore, the dust reports are continued for 3 days in Period I while those in Period II have remarkably decreased with time.
Estimation of dust emission and concentration
The estimated emission rate (g m À2 hr À1 ) from ADAM and 850 hPa streamline with isotach produced by KMA for Periods I and II are shown in Fig. 2 . The most intensive dust emission in Period I (Fig. 2a) (Fig. 2b) in the source regions is much weaker than that in Period I with much reduced emission regions. The 850 hPa streamline and isotach (>25 knots) show very strong wind on the 850 hPa level over the emission area. The dust emitted in this region has eventually affected Korea and Japan in both periods. Also note that there is very strong wind on 850 hPa over source regions that is well corresponding to the heavy dust rise region. Figure 3 shows the temporal variation of surface concentrations of PM 10 and PM 40 with the emission rate at Hunsendake and Beijing for both periods. The emission rate (t km À2 h À1 ) is shown at Hunsendake and Beijing by the vertical bar. The deposition velocity (m s À1 , þ) at Anmyeondo and Nagasaki and also the estimated dust concentration (mg m À3 , c) by OPC data at Anmyeondo are given in Fig. 3 . The surface concentration of modeled PM 10 is compared with the observed PM 10 concentration from OPC at Anmyeondo. Large emission rates in the dust source region of Hunsendake are found in Period I. The modeled dust concentration at Anmyeondo in Period I starts to increase slightly later than observed concentration but the peak and ending times well coincide with concentration. On the other hand, the modeled starting and ending times of dust event in Period II in Korea are earlier and the peak value is lower than observed concentration by OPC. The deposition velocity averaged for the dust particles less than 10 mm in diameter at Anmyeondo shows smaller fluctuation than that at Nagasaki. However, the variations of the dry deposition velocity may not contribute significantly to the total depositions of dust.
Estimation of dry deposition
The variations of deposition velocity with the dust particle size are investigated using the model output over the Korean peninsula for Periods I and II and the results are given in Fig. 4 . Since aerodynamic resistance ðR a Þ is one of the dominant parameters of the deposition velocity and a function of surface roughness length, the regional difference of deposition velocity in the same particle size is dominated by the topography. The results suggest that dramatic differences in deposition velocity are association with the dust particle size. However, Periods I and II do not reflect a noticeable difference, suggesting a similar microphysical atmospheric condition and a constant value of gravitational settling velocity with time (Table 1) . Also note that the bin 3 (0.82-1.35 mm in diameter), has the smallest deposition velocity as the Brownian diffusion process halts the movement of particles with diameters larger than 0.05 mm, whereas particles of 2 to 20 mm in diameter are efficiently transported across the laminar sublayer by inertial impaction. On the other hand, the particles larger than 20 mm in diameter are governed by gravitational settling (Seinfeld and Pandis 1998) . The gravitational settling velocity for each particle size is shown in Table 1 . Since there are large differences between the largest and the smallest particle, the larger particle can be more easily settled on the ground than the smaller particle. The dry deposition amounts estimated by using the deposition velocity and concentration fields over the Korean peninsula are presented in Fig. 5 . Figure 5 shows that the deposition amount is quite similar for the bins from 1 to 5 (0.20-3.67 mm) but remarkable variations are noticed for the bins higher than 6 (D p > 3:67 mm), suggesting the effectiveness of the gravitational settling velocity of larger particles on the dry deposition.
The dry deposition of Asian dust over North Korea, South Korea, and Japan for each period is estimated in grids of 161, 141 and 533, respectively (Fig. 6) . Dry depositions derived from ADAM are compared with observations obtained from the spectral number concentrations using OPC. For retrieving the dry deposition using OPC data, the spectral number concentration is converted to the spectral mass concentration by assuming a spherical shape of a particle with a constant density of 2,600 kg m À3 (Park and In 2003; In and Park 2003; Park and Lee 2004). Then, dry deposition is retrieved by Eq. (1) with the dry deposition velocity simulated by ADAM. The modeled dry deposition for each bin is compared with that at Anmyeondo in Korea using OPC data and the results are shown in Table 2 . The correlation coefficients between the ADAM and OPC results for Periods I and II are 0.78 and 0.54, respectively. The highest and the lowest correlations at each bin for Periods I and II are 0.88, 0.27 and 0.73, 0.15, respectively. Note that dry deposition at bin 8 has four order of magnitude higher than that at bin 1, suggesting more effectiveness of larger particles on dry deposition.
The comparison of time series of dry deposition derived from ADAM and OPC in the same diameter range of 1.35 to 2.23 mm for each Period is presented in Fig. 7 . The estimated dry deposition using the model overestimates during weak Asian dust events such as on 17, 19, 20 March (Fig. 7a ). In the intense Asian dust events, on the other hand, ADAM slightly underestimates the dry deposition compared with the observation. On the whole, however, dry deposition derived from ADAM and OPC has a reasonable correlation of 0.83 in Period I. Slight overestimation and underestimation are found on 8, 13 and 10, 11 April, respectively (Fig. 7b) . However, correlation coefficient is found to be 0.73. The discrepancy of dry deposition between ADAM and OPC may be contributed by the assumptions of the spherical shape and a constant density of the particle and the different horizontal resolution between the model and the observation site. The estimated dry deposition amount over each country for Periods I and II are shown in Table 3 and Fig. 8 . Figure 8 clearly indicates the importance of the distance from the source regions. More than 40% of total deposition of three countries (Table 3 ) occurs over North Korea due to its nearness to the Asian dust source region. The total deposition amount in Japan for Period II is higher than that in South Korea. However the deposition flux in Japan is lower than that in South Korea. The averaged total dry deposition flux for Periods I and II is found to be 9.10, 6.29, and 1.93 ton km À2 over North Korea, South Korea, and Japan, respectively, suggesting a significant reduction of dust deposition away from the source region.
Summaries and conclusions
We have examined size dependent Asian dust dry deposition using ADAM for the spring The amounts of dry deposition over the Korean peninsula and Japan in Period I are higher than in Period II. The estimated total dry deposition amounts over the South Korea, North Korea and Japan are found to be about 558, 955, and 729 k ton, respectively in Period I and about 240, 364, and 196 k ton, respectively in Period II. The averaged total dry deposition flux is 52.5, 36.3, and 11.1% over North Korea, South Korea, and Japan, respectively, suggesting that the intensity of dry deposition decreases as it gets farther from the source region.
The estimated spectral deposition velocity is found to vary with the particle size having a minimum at bin 3 due to the nature of Brownian diffusion, inertial impaction, and gravitational settling. However, the deposition velocity in Periods I and II is not significant, suggesting a similar microphysical atmospheric conditions in both periods. The spectral dry deposition in- dicates that the particles larger than 3.67 mm in diameter are dominant to the dry deposition, due to the higher settling velocity. This study is mainly pertained to dry deposition amount in the downstream region from the source using the ADAM model. To estimate more accurate dry deposition amount requires more precise dust emission amount in the source region. Also, this study indicates that the parameterization of dry deposition of Asian dust may be a prerequisite to assess the impact of Asian dust. In the next step, we will investigate more detailed features of deposition velocity and parameterization of emission of Asian dust from the source region. 
